The formation of ketyl radicals from unactivated aliphatic carbonyl compounds is an important strategy to generate carbon--carbon bonds between carbonyl carbons and unsaturated systems.^[@ref1]^ Classical protocols using either strongly reducing agents, such as samarium diiodide (SmI~2~), or dissolving metals, such as sodium and potassium in liquid ammonia, allow access to ketyl radical species and thus enable reductive coupling between unactivated aliphatic carbonyl compounds and unsaturated systems ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}A).^[@ref2]−[@ref4]^ Although these methodologies have enabled invaluable transformations, the reaction conditions necessitate rigorous laboratory techniques for handling those air- and moisture-sensitive metals. Green chemistry goals require catalytic and inherently safer chemistry for accident prevention. Despite the need for the development of catalytic, inexpensive, and metal-free methods to replace such potentially dangerous or rare earth metal requiring methods, recent methodologies are mostly applicable to aromatic aldehydes^[@ref5],[@ref6]^ including photoredox catalytic approaches.^[@ref7]−[@ref16]^ The major challenge to reduction of unactivated carbonyl compounds is the standard reduction potentials, which are typically lower than −2 V versus SCE (e.g., cyclohexanone *E*~1/2~ = −2.78 V vs SCE and 3-methylbutyraldehyde *E*~1/2~ = −2.63 V vs SCE calculated using B3LYP)^[@ref17]^ and the discrepancy in reduction potential between aliphatic carbonyl compounds and established visible-light photoredox catalysts (i.e., tris\[2-phenylpyridinato-C^2^,*N*\]iridium(III) \[Ir(ppy)~3~\] *E*^red^~1/2~ = −2.19 V vs SCE in acetonitrile).^[@ref18]−[@ref20]^
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Cossy^[@ref21]^ and Hasegawa^[@ref22]^ independently reported light-mediated intramolecular cyclizations of unactivated ketones and unsaturated systems. However, these methods are limited to specific examples such as the fastest 5-*exo* intramolecular cyclizations. In 2018, Nagib and co-workers reported the photoredox catalyzed generation of ketyl radicals from aliphatic aldehydes and their coupling with unsaturated systems via *in situ* activation using acetyl iodide in the presence of catalytic amounts of Zn(OTf)~2~ and Mn~2~(CO)~10~ as a photoredox catalyst ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}B).^[@ref23]^ They demonstrated further application of their method to aliphatic ketones and showed two coupling examples using trifluoroacetone.

In the ketyl radical based strategies illustrated in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}A and [1](#sch1){ref-type="scheme"}B, catalytic intermolecular coupling of aliphatic ketones and unsaturated systems remained a considerable challenge despite the similar reduction potentials of aliphatic aldehydes and ketones.^[@ref17]^ Herein, we overcome this challenge by using strongly reducing organic photoredox catalysis under protic conditions. In particular, we demonstrate the metal-free reductive coupling of unactivated aliphatic ketones and aldehydes with styrenes under continuous flow and batch conditions ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}C).

As shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, we began our studies by examining the coupling of styrene (**1**) and tetrahydro-4*H*-pyran-4-one (**2**) in the presence of *p*-terphenyl (20 mol %) as an organic photoredox catalyst and 1,2,2,6,6-pentamethyl-4-piperidinol (PMP-4-OH) in dimethylacetamide (DMA). The reaction was performed in a continuous flow photochemistry system ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b04235/suppl_file/ol9b04235_si_001.pdf)) with a 2.7 mL reactor volume using 0.04 i.d. perfluoroalkoxy (PFA) tubing equipped with a UV lamp and a long-pass filter (λ \> 280 nm). After a 35 min residence time, GC analysis revealed quantitative formation of the desired coupled product **3** (99%, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, entry 1). Previously, we reported β-selective hydrocarboxylation using carbon dioxide via *p*-terphenyl photoredox catalysis in the presence of 1,2,2,6,6-pentamethylpiperidine (PMP) as a reductant in dimethylformamide (DMF) and hexanes.^[@ref24],[@ref25]^ Application of those conditions to the coupling of **1** and **2** only provided 68% of **3** (entry 2). Notably, use of conditions in entry 1 enables the transformation to be carried out in a continuous flow system without clogging in the absence of a nonpolar cosolvent (i.e., hexanes) that was included to dissolve nonpolar byproducts (e.g., dimer of PMP) under our previously reported PMP/DMF condition.^[@ref25]^ As shown in entries 3 and 4, we also conducted the coupling of **1** and **2** in batch ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b04235/suppl_file/ol9b04235_si_001.pdf)) but under otherwise identical conditions to entry 1 and obtained a comparable yield of **3** after 35 min (94%, entry 3) and quantitative yield after 2 h (entry 4).

###### Reductive Coupling of Aliphatic Carbonyl Compounds and Styrenes in Batch and Continuous Flow[a](#t1fn1){ref-type="table-fn"}
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  entry   conditions                                            yield of **3** (%)[b](#t1fn2){ref-type="table-fn"}
  ------- ----------------------------------------------------- ----------------------------------------------------
  1       Standard conditions in flow                           99
  2       PMP in DMF/hexanes (2:1) instead of PMP-4-OH in DMA   68
  3       Standard conditions in batch, 35 min                  94
  4       Standard conditions in batch, 2 h                     99

Reactions were carried out using a continuous-flow photochemical system developed by Beeler.^[@ref26]^

Calculated by gas chromatography (GC) analysis using methyl benzoate as an internal standard.

We subsequently examined the scope of the coupling reaction between aliphatic ketones and styrenes under batch and continuous flow conditions as illustrated in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}. The reaction provided the desired tertiary alcohol products with complete linear selectivity in both batch (2 h) and continuous flow (35 min) in moderate to excellent yields. Cyclic ketones that were six-membered (**3**--**5**), four-membered (**6**), five-membered (**7**), and seven-membered (**8**), as well as bicyclic ring structures (**9**), were tolerated in moderate to excellent yields. Notably, *trans*-product **5** from 4-*tert*-butyl cyclohexanone and *exo*-product **9** from *N*-Boc-nortropinone were obtained. Linear ketones provided coupled products in moderate yields (**10**--**13**). Acetone could be coupled with styrene derivatives in moderate to good yields (**14**--**16**). Ketones containing γ,δ-unsaturation provided the desired coupled products in moderate yield (**17** and **18**) without observations of rearranged byproducts. Nabumetone, a marketed nonsteroidal anti-inflammatory drug (NSAID), was derivatized to provide **19** in 55% yield. We hypothesized that subsequent ring closing would occur with 5-chloropent-2-one. Accordingly, the substituted tetrahydrofuran **20** was obtained as a single product in 53% yield. Although higher frequencies of light (λ \> 280 nm) were removed by an optical filter, Norrish type fragmentations^[@ref27],[@ref28]^ were unavoidable with certain substrates. As exemplified in compound **21**, a ketone containing a tertiary γ-hydrogen underwent the coupling to provide the desired product **21a** in 38% yield with α,β-cleaved product **21b** (18% yield) that was produced by Norrish type II fragmentation. Norrish type I fragmentation was also observed when using an α-tertiary carbonyl. Utilizing 3-methyl-2-butanone, the desired coupled product **22a** was obtained in 16% yield along with α-carbon cleavage product **22b** in 31% yield. Unfortunately, α-quaternary carbonyl and α-phenyl carbonyl compounds did not provide any product under the current optimized conditions. Selected batch reactions were also performed to compare yields. Batch yields were lower (**5**, **8**, **11**, **14**, and **17**) or comparable (**3** and **7**) to those in flow.
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A range of electron-rich and electron-neutral substituents on styrene were tolerated including protected amines (**15**), protected alcohols (**6**, **8**, **12**, and **16**), fluorine (**17**), and alkyl chains (**5** and **7**) ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}). Styrenes with extended conjugation (e.g., 4-vinyl biphenyl) or electron-withdrawing substituents did not provide the desired coupled products. We observed reduced styrene as the major byproducts in these reactions which suggests that the reduction of styrene derivatives under photoredox catalysis may not induce the desired coupling (*vide infra*).

We next evaluated unactivated aliphatic aldehydes to afford secondary alcohol products ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). The corresponding linear coupled products **23**--**25** with 4-vinylanisole were produced in 17 min of residence time. Acetaldehyde also underwent the desired coupling to provide **26** in 65% yield. 10-Undecenal containing a distal double bond was tolerated to provide **27** in 56% yield without detection of rearranged products under radical conditions. Hex-5-ynal provided a moderate yield of the desired product **28**. 2-Methylbutanal also underwent the desired transformation to give **29** in 38% yield. Selected batch reactions to afford **24**, **26**, and **28** provided lower yields (18--23%) compared to the corresponding continuous flow reactions.
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Preliminary investigations have provided some insight into the mechanism of the reaction. First, control experiments conducted in the absence of *p*-terphenyl did not provide any product, indicating that the direct charge transfer between ketone and amine under UV irradiation is not likely ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}A). Second, in the absence of PMP-4-OH under otherwise optimized conditions, no product was observed, highlighting its crucial role in the net reductive reaction.
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Considering the reduction potentials of styrene derivatives (e.g., styrene *E*~1/2~ = −2.58 V vs SCE in DMF)^[@ref29]^ and aliphatic ketones (e.g., cyclohexanone *E*~1/2~ = −2.78 V vs SCE),^[@ref17]^ both species can be reduced under the *p*-terphenyl catalytic system (*E*^0^ = −2.63 V vs SCE in DMF).^[@ref30]^ To probe the formation of a ketyl radical intermediate in the reaction, we conducted a radical clock experiment using cyclopropyl methyl ketone (**31**), although its reduction potential (*E*^0^ = −3.38 V vs SCE derived from Marcus theory)^[@ref31]^ is out of the range of the *p*-terphenyl catalytic system ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}B). Nevertheless, we obtained the rearranged product **32** in 34% yield, while the closed cyclopropyl ring product was not detected by GCMS. This result suggests that the ketyl radical intermediate is involved in the mechanism. The discrepancy between the reduction potentials of certain unactivated carbonyl compounds and the *p*-terphenyl catalyst can be attributed to the protic conditions of our protocol. Based on literature reports,^[@ref11],[@ref32]^ the reduction of carbonyl compounds in protic media occurs at less negative potentials than in aprotic solvents due to protonation, leading to the protonation of the primary carbonyl radical anion and a σ-radical located at the carbon atom in slightly protic organic solvents. We hypothesize that the reduction of unactivated carbonyl compounds by *p*-terphenyl catalysis is modulated by the presence of both PMP-4-OH and water in the reaction medium.

Next, we tested the more conjugated 4-vinyl biphenyl (**33**, *E*~p/2~ = −2.26 V vs SCE in DMF, [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b04235/suppl_file/ol9b04235_si_001.pdf)) which should lead to the reduction of 4-vinyl biphenyl (**33**) over the cyclohexanone (**34**, *E*~1/2~ = −2.78 V vs SCE calculated using B3LYP)^[@ref17]^ under photoredox catalysis ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}C). Since the product we observed was 4-ethyl biphenyl (**35**) in 15% yield, the single-electron reduction of styrene followed by nucleophilic attack at the carbonyl appears less likely.

Lastly, we investigated the competition experiment between the intermolecular addition to styrene and 5-*exo* cyclization using hex-5-enal (**36**) ([Scheme [4](#sch4){ref-type="scheme"}](#sch4){ref-type="scheme"}D). The exclusive formation of the rearranged product **37** indicates that 5-*exo* cyclization outcompetes the intermolecular addition to styrene. This rearranged product provides indirect evidence of the formation of a radical intermediate derived from the carbonyl group.

Although further mechanistic studies are warranted, we propose the catalytic mechanism summarized in [Scheme [5](#sch5){ref-type="scheme"}](#sch5){ref-type="scheme"}. Photoexcitation of the organic photoredox catalyst, *p*-terphenyl (PTP), produces the excited singlet state of *p*-terphenyl (PTP\*),^[@ref30]^ which undergoes single-electron transfer (SET) with the reductant, PMP-4-OH, to generate the strong reducing *p*-terphenyl radical anion (PTP^•--^) and the PMP-4-OH radical cation (Photoredox catalytic cycle A). The *p*-terphenyl radical anion (PTP^•--^) would reduce carbonyl to a ketyl radical in protic media. The ketyl radical then adds to the β-position of styrene and produces a stable benzylic radical intermediate which is further reduced to a benzylic anion by photoredox catalytic cycle B.^[@ref25]^ Finally, the styrene-carbonyl coupled product is formed by a protonation of the benzylic anion. The reactive PMP-4-OH radical cation is quenched by dimerization after the deprotonation (compounds **S2**; see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b04235/suppl_file/ol9b04235_si_001.pdf)).
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In summary, metal-free reductive coupling of aliphatic carbonyl compounds and styrenes was developed using *p*-terphenyl photoredox catalysis in both batch and continuous flow. This method has been shown to be compatible with a range of ketone and aldehyde derivatives with electron-rich and -neutral styrenes. Preliminary mechanistic investigations suggest the catalytic formation of a ketyl radical to enable the desired coupling.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.orglett.9b04235](https://pubs.acs.org/doi/10.1021/acs.orglett.9b04235?goto=supporting-info).Experimental details and compound characterizations ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b04235/suppl_file/ol9b04235_si_001.pdf))
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